ABSTRACT: High yield stability and adaptability of yellow passion fruit varieties (Passifl ora edulis Sims. f. fl avicarpa Deg.) are highly desirable attributes when exploring different environments.
Introduction
The yellow passion fruit (Passifl ora edulis Sims. f. fl avicarpa Deg.) is currently grown in almost all regions in Brazil, and accounts for 95 % of the area where this crop is grown. Yellow passion fruit is cultivated under different environmental conditions in Brazil due in part to crop expansion, but primarily to the itinerant aspects that characterize the crop, especially in relation to several pests and diseases. However, there are few studies in the literature on passion fruit production yield and stability in different regions.
Yellow passion fruit yield is dependent on genetic and environmental factors, in which the interaction between the genotype and environment (G×E) reduces the association between genotypic and phenotypic components. For a long time, G×E interaction has been the primary theme in plant breeding because it assists breeders in one of the most critical steps in this process, which is the determination of which varieties should be recommended. Several statistical methods have been developed to characterize and minimize the effect of the G×E interaction in selected varieties and to predict phenotypic responses to environmental changes. However, most statistical stability methods are not able to provide an accurate and complete variety response pattern for this interaction (Holhs, 1995) , especially because the genotype response to environmental variation is multivariate (Lin et al., 1986) and most stability indices have a univariate response (Crossa, 1990) .
Analysis of variance (ANOVA) is merely an additive model in which the G×E interaction is a source of variation, but its intrinsic effects are not analyzed. In contrast, principal component analysis (PCA) is a multiplicative model and, therefore, does not present additive main effects for the environment nor genotype. However, the newly developed AMMI (addi tive main effects and multiplicative interaction) analysis includes ANOVA and PCA in a unifi ed approach that can be used to analyze multiple yield trials Crossa et al., 1990; Gauch and Zobel, 1996) . AMMI uses ANOVA to test the main effects of genotypes and environments, and PCA to analyze the residual multiplicative interaction between genotypes and environments to determine the sum of squares of the G×E interaction, with a minimum number of degrees of freedom. Because ANOVA and PCA are part of the AMMI model, this model is likely more suitable for characterizing the G×E interaction .
This study aimed to estimate the adaptability and yield stability of yellow passion fruit varieties using AMMI analysis and auxiliary non-parametric statistics to select varieties that have both high performance and phenotypic stability in reducing the G×E interaction effects and make the selection of varieties more refi ned and precise.
Materials and Methods

Yield trials
The experiments were carried out in eight agronomic production areas in the State of Bahia, Brazil (Table 1). Planting was completed in 2009/2010 during the rainy season for each region. The spacing was 2.6 m between rows and 3.7 m between plants. A vertical system for the canopy was used, with a single strand of galvanized wire (14 gauge) 2 m above the ground. Twelve varieties of yellow passion fruit from the breeding program at Embrapa Cassava and Fruits, were evaluated.
Experimental design
Experiments were carried out in a randomized block design with three replicates and ten plants per plot, following all recommended cultivation practices Sci. Agric. v.71, n.2, p.139-145, March/April 2014 for passion fruit. The fruit yield data per plot were acquired over the fi rst year of production (between 7 and 20 months after planting).
AMMI analysis
An initial analysis of variance was performed for each environment to verify the existence of differences between varieties. After these analyses, the homogeneity between residual variances was determined, and a joint analysis of variance was used to test the genotype and environment effects and the magnitude of the G×E interaction. AMMI analysis was used to adjust the main or additive genotype and environmental effects by analysis of variance, in addition to the adjustment of the multiplicative effects for the G×E interaction by principal component analysis. The AMMI model was as follows:
, where Y ij is the fruit yield of the i th variety in the j th environment, µ is the overall mean, g i and e j are the fi xed varietal effects and environmental deviations, respectively, λ k is a singular value of the K axis in the principal component analysis, γ ik and δ jk are genotype and environmental factors, respectively, of the singular vectors associated with λ k from the interaction matrix, N is the number of principal components retained in the model, ρ ij is the residual G×E interaction, and ε ij is the average independently assumed error ε ij N(0, σ 2 ). The sum of squares of the G×E interaction was divided into an n singular axis or Interaction Principal Component Axis (IPCA), which refl ects the standard portion in which each axis corresponded to a particular AMMI model. The selection of a model that best describes the G×E interaction was based on the F R test as proposed by Cornelius et al. (1992) .
Once the AMMI model had been selected, we investigated the adaptability and phenotypic stability using biplot graphs. Biplot graph interpretation is based on the variation of the additive main effects (genotype and environment) and the multiplier effect of the G×E interaction. The abscissa represents the main effects (average of varieties evaluated), and the ordinate the interaction among the axes (IPCA). In this case, the lower the IPCA value (absolute value) the lower the contribution of the G×E interaction and the greater the genotype stability. An ideal genotype is one with a high yield and IPCA values close to zero. An undesirable genotype is one with low stability, which is associated with low yields. The average predictions were estimated according to the AMMI model selected. All statistical analyses were performed using the AMMI procedure in R (R Development Core Team, version 3.0.1).
AMMI stability value (ASV)
The AMMI stability value was calculated as previously described by Purchase et al. (2000) :
, where is the weight derived from dividing the sum of IPCA1 squares by the sum of IPCA2 squares. The larger the absolute value of IPCA, the greater the adaptability of a specifi c variety for a certain environment. Conversely, lower ASV values indicate greater stability in different environments.
Sustainability Index (SuI)
The sustainability index was calculated as previously described by Babarmanzoor et al. (2009): , where Y is the average performance of a specifi c variety, σ n the standard deviation and YM the value of the best genotype in any environment. The sustainability index values were arbitrarily divided into three stability groups as follows: low (up to 35 %), medium (36 to 70 %) and high (71 to 100 %).
Stability index (StI)
The stability index from the non-parametric stability analysis by Rao et al. (2004) y the overall mean, the variance in the i th stability variety (Shukla, 1972) , and n the number of environments.
Yield stability index (YSI)
The yield stability index was calculated using the following formula: YSI = RASV + R , where RASV is the ranking of the AMMI stability value and RP the ranking of yellow passion fruit yields in all environments.
Results and Discussion
Analysis of fruit yields in different environments
The joint analysis of variance showed differences (p < 0.01) for environments (E), genotypes (G) and the G×E interaction (Table 2 ). The experimental coeffi cient of variation for the joint analysis was low (16%), indicating good experimental precision. A signifi cant effect of the G×E interaction demonstrates the differential performance of genotypes in different environments. Therefore, this change in the average yield of yellow passion fruit varieties as a consequence of the environment justifi es the need for a more refi ned analysis to increase selection effi ciency and varietal recommendations.
An alternative strategy for reducing the G×E interaction involves a genotype selection with greater stability within a wide range of environments, which facilitates the prediction of their behavior. Therefore, AMMI analysis is an important tool for increasing our knowledge of the factors involved in the G×E interaction.
AMMI analysis of the G×E interaction
The AMMI method is widely used in stability and adaptability analyses because it i) provides an initial diagnosis of the model and is well-suited for data analysis with many environmental infl uences, ii) allows greater unfolding of the G×E interaction and summarizes the patterns and relationships between genotypes and environments, and iii) improves the accuracy of trait estimates Zobel et al., 1988; Crossa et al., 1990 ).
An AMMI analysis of yellow passion fruit yield in eight production environments in the State of Bahia showed that 61% of the sum of squares was explained by the environment, and 5% and 34% were attributable to the genotype effects and the G×E interaction, respectively ( Table 2 ). The large environmental percentage for the sum of squares indicates the signifi cant differences between the averages of some environments, which caused most of the variation in the fruit yield of yellow passion fruit. Similar results were observed in peanuts, in which most of the variation (93 %) was attributable to environmental factors and the G×E interaction, demonstrating that selecting the best genotypes is not an easy task (Oliveira and Godoy, 2006) .
The AMMI model retrieves the part of the sum of squares (SQ G×E ) that determines the G×E interaction, which is called the standard portion (the genotype and environment effect), and a residual part, which corresponds to unpredictable and uninterpretable responses from the model (Cornelius et al., 1996) . Thus, the genetic variation can be explained by the different AMMI models. Based on the F R test, the IPCA4 was the last with non-signifi cant residue (p < 0.01) ( Table 2) , which provides guidance as to the selection of the AMMI3 model Cornelius et al. (1992) ; IPCA = Interaction Principal Component Axis; *, **signifi cant at 1 and 5 %, respectively.
to explain the G×E interaction effect. In addition, 69% of the sum of squares of the interaction can be explained by the AMMI2 model, with 50% and 19% explained by IPCA1 and IPCA2, respectively. The values explained by these models were higher than those observed in other crops, such as sugar cane and peanuts (Oliveira and Godoy, 2006; Silveira et al., 2013) .
Stability and adaptability analysis
Biplot graphs of the AMMI1 (IPCA1 vs. additive effects from varieties and environment) and AMMI2 models (IPCA2 vs. IPCA1) are in Figures 1 and 2 , respectively. The Livramento de Nossa Senhora -Rio Acima (LNS-RA), Cabaçeiras do Paraguaçu (CPa), Livramento de Nossa Senhora -Monte Oliveira (LNS-Mo) and Dom Basílio (DBa) environments produced the lowest yields of yellow passion fruit. Moreover, the environmental effect scores were more scattered than the varietal effect scores, indicating that variability due to the environment is greater than variability caused by varietal effects (Figure 1) .
According to Duarte and Vencovsky (1999) , stability is evaluated in the y-axis (IPCA1) by AMMI1, whilst AMMI2 analysis revealed stable environments and genotypes located near the origin, with low scores for the two axes of the interaction (IPCA1 and IPCA2). Accordingly, varieties 08, 11 and 13 were the most stable, as indicated by values near the origin of the IPCA1 axis, which is indicative of a smaller contribution to the G×E interaction (Figure 1 ). However, varieties 11 and 13 had fruit yields lower than the overall mean and are, therefore, not ideal. In contrast, varieties 14 and 15 were the most unstable, with fruit yields lower than the overall mean. Similarly, varieties 05 and 06 were unstable, but presented high fruit yields. Varieties 04, 07, 09, 10 and 12 presented intermediate stability. Moreover, variety 06 presented not only high average fruit yield, but also high IPCA value, indicating adaptability specifi c to the Wenceslau Guimarães (WG) environment.
As regards the environment, we can highlight the smallest contribution to the interaction in the Marcioní-lio Souza (MSo) and LNS-Mo regions. Other environments presented an intermediate (CPa and DBa) or high (LNS-RA, Valença -Val, WG and Ibicoara -Ibi) contribution to the G×E interaction (Figure 1 ). Environmental stability is important for demonstrating the reliability of genotype ordering in a given environment in relation to the rating for the environments in question (Rocha et al., 2007) . In the case of yellow passion fruit, average fruit yields were higher than the overall mean in only the Val, MSo, WG and Ibi environments, which accounted for 34.65 t ha −1 . The main reason for the high fruit yield in these environments is likely related to the better availability and distribution of rainfall in these regions or the use of irrigation systems, as was the case in Ibi and Mso during the initial establishment and fl owering phases.
Based on the AMMI2 analysis, varieties 11, 12 and 13 were found to be the most stable (Figure 2 ). However, variety 08 was considered stable based on AMMI1 analysis, but was highly unstable according to AMMI2 analysis. Behavior inversions in relation to the classifi cation of genotypes in AMMI1 and AMMI2 biplot were also observed in other crops, such as cowpea (Rocha et al., 2007 ). In the current situation, information from the AMMI2 biplot may be more accurate given that this model contains IPCA1 and IPCA2 information and, Based on AMMI2 analysis, the DBa, Val and LNSMo environments were the main contributors to the phenotypic stability of the varieties (Figure 2) . Furthermore, the LNS-Mo and Val environments showed no signifi cant differences in fruit yield between the varieties (Table  3 ). In contrast, the Ibi, LNS-RA and WG environments made a signifi cant contribution to the G×E interaction, since they were positioned away from the origin of the AMMI2 biplot. In general, genotypes and environments in close proximity on the biplot graph have positive associations, which certainly facilitate the creation of more similar agronomic performance zones. As an example, variety 06 is found in the WG environment, and variety 12 is in the DBa environment. Other lower specifi c associations can be observed, such as variety 13 in the CPa environment (Figure 2) . AMMI analysis does not provide a quantitative measure of stability. For this reason, Purchase et al. (2000) proposed an ASV measure to quantify and classify genotypes according to their yield stability in that ASV is the distance of the varieties from point zero of the scatter diagram (IPCA1 vs. IPCA2) . Although the IPCA1 score contributes more to the sum of squares for the G×E interaction, it must be weighted by the proportional difference between the scores of IPCA1 and IPCA2 in order to compensate for the relative contribution of IPCA1 and IPCA2 to the total sum of squares of the interaction. Therefore, varieties 04, 08, 09, 11, 12 and 13 presented lower scores and therefore, were considered to be more stable (Table 4 ). The ASV parameter has been used as an auxiliary criterion to defi ne more stable genotypes in other crops such as wheat (Farshadfar et al., 2011) and rice (Das et al., 2010) . The most stable varieties according to the YSI were 04, 05 and 08 (Table 4) . The YSI method incorporates both yield and stability into a single index, reducing the problem of using only yield stability as the sole criterion to select varieties, taking into account that the most stable genotypes do not always have the best yield performance (Oliveira and Godoy, 2006) . Accordingly, the YSI parameter associated with genotype classifi cation is based on the ASV parameter (which accounts for IPCA1 and IPCA2), and the ranking of varieties is based on fruit yield. This method has been successfully used in other crops, such as wheat (Farshadfar, 2008) , in which the authors stated that this criterion agreed with the biplot analysis.
The sustainability index of each variety is presented in Table 4 . Most yellow passion fruit varieties were classifi ed as having median sustainability (ranging from 40 to 70%), and varieties 05 and 06 showed high sustainability (75.01 and 76.98, respectively). The high SuI values coincided with high fruit yield from varieties 05 and 06. However, this index has not been adequate for discriminating stable genotypes with high grain yield in wheat (Mladenov et al., 2012) . Similar results were also obtained for wheat by Farshadfar et al. (2011) , with sustainability indices higher than 91 % reported for some genotypes.
Yellow passion fruit varieties were ranked on the basis of StI in decreasing order. The results showed that the StI from the 12 yellow passion fruit varieties were very similar, with varieties 05 and 06 presenting indices above 62.00 (Table 4 ). The StI overcomes some of the methodical disadvantages based on genotype ranking, which causes a bias in the selection of the most productive genotypes (Bajpai and Prabhakaran, 2000) . Based on this fi nding, the StI stability and fruit yield of the genotypes are measured on the basis of individual performance relative to the average performance of the genotypes evaluated. This trend was observed in the current study, as varieties 05 and 06 were deemed more stable and also presented the highest fruit yields.
Environmental classifi cation
The main purpose of this stability analysis is to identify yellow passion fruit varieties with wide geographic adaptation, high agronomic performance and high fruit yield (preferably above the overall mean of 34.65 t ha −1 ) in heterogeneous environments. Because it can be difficult to identify a perfect variety, the identifi cation of varieties with specifi c adaptations can be extremely useful for more regionalized varietal recommendations.
The classifi cation of environments based on higher-performance genotypes (means for fruit yield) in each environment facilitated the identifi cation of fi ve mega environments (variety 05 in the DBa and LNS-Mo environments; variety 06 in the MSo, Val and WG environments; variety 07 in the Ibi environment; variety 14 in the LNS-RA environment; and variety 15 in the CPa environment) (Table 3 ). In contrast, this same classifi cation based on the AMMI2 model (predicted means for fruit yield) allowed for the identifi cation of only three mega environments (Table 5 ). The fi rst included the CPa, DBa, LNS-Mo, MSo and WG environments, with variety 06 having the highest fruit yield. The second mega environment was Ibi, in which variety 07 had the best performance. Lastly, the third mega environment consisted of LNS-Ra and WG, with variety 14 as the most productive (Table 5 ). The superiority of mega environments formed from the mean fruit yield can be attributed to the portion of noise incorporated into estimates of raw data (Silveira et al., 2013) . Such noise is usually reduced during AMMI2 analysis, ultimately ensuring fewer mistakes in cultivar recommendations. 
Conclusions
Because of the greater phenotypic stability the DBa, Val and LNS-Mo environments can be used during the initial stages of selecting new yellow passion fruit varieties.
A graphical interpretation of the AMMI analysis and YSI index incorporating the ASV and the yield capacity of the different varieties in a single non-parametric index were useful for discriminating genotypes with superior and stable fruit yield.
Although the use of different methods to estimate the stability and adaptability of select yellow passion fruit varieties has led to controversial results, varieties 04 and 05 were generally the most stable when considering the average of the eight environments based on different methods, in addition to their high yield potential.
When selecting yellow passion fruit varieties that are more productive in certain environments variety 06 presented high adaptability to the MSo, Val and WG environments, leading to an improvement of passion fruit productivity in specifi c regions.
